The cladocerans Daphnia pulex, Daphnia ambigua, Daphnia rosea, Daphnia magna, and Daphnia galeata mendotae were tested in the laboratory for their competency to kill Keratella cochlearis (f. tecta) in the course of their normal filter-feeding behavior. At daphnid sizes > 1.2 mm of body length, all five species killed the rotifers at rates that increased with body length as y = 0.485x -0.588 where y is Keratella killed Daphnia-' h-l and x is daphnid body length in mm. No speciesspecific differences in ability to kill rotifers were detected. Keratella was found in the gut contents of some Daphnia, indicating carnivory and a new pathway in trophic interactions in freshwater ecosystems. Keratella density did not affect Keratella mortality rate within the range tested (125-1,000 liter-l). Daphnia cleared live Keratella from the medium at rates about three times those at which it cleared Cryptomonas from the medium. Relations between Keratella mortality, Daphnia density, and Daphnia size were used to derive a family of curves from which the potential impact of Daphnia-induced mortality on field populations of Keratella can be calculated. When the daphnids are large (>2 mm) and present at densities 2 l-5 individuals liter-', they could have a major impact on the population dynamics of the rotifers. cochlearis f. typica being injured decreased with its age and increased with its residence time in the daphnid branchial chamber. Factors associated with the impact of the cladocerans may include body size, clearance rate, abundance, and species.
Both in the laboratory (Gilbert and Stemberger 198 5; Gilbert 198 5) and in situ (Neil1 1984) Daphnia outcompetes rotifers. Gilbert and Stemberger (198 5) found that adult Daphnia galeata mendotae and Daphnia rosea inhibited the population growth of Keratella cochlearis f. typica even when shared food was abundant. They observed that rotifers swept into the branchial chamber of Daphnia were killed, mortally wounded, or lost attached eggs before, or when, being rejected; the chance of a K. cochlearis f. typica being injured decreased with its age and increased with its residence time in the daphnid branchial chamber. Factors associated with the impact of the cladocerans may include body size, clearance rate, abundance, and species.
We examine here the effects of cladoceran factors and rotifer density on interference by testing three hypotheses. The first is that large cladocerans will interfere more with rotifers than will small ones. Rotifers will l This research was supported by National Science Foundation grants DEB 8 1-192 13 and BSR 84-15024 to J.J.G. and carried out while C.W.B. was on sabbatical leave at Dartmouth College.
be more likely to be swept into the branchial chambers of large cladocerans because such cladocerans will create stronger inhalant currents and also have wider carapace gapes. The second is that the susceptibility of a rotifer to cladoceran interference will increase as the amount of food available to the cladoceran decreases. At low food concentrations cladoceran clearance rates are maximal (e.g. Rigler 196 1, 197 1) so that rotifers are more likely to be brought into the branchial chamber than they are at high food concentrations when clearance rates are lower. The third hypothesis is that the susceptibility of a rotifer to cladoceran interference will be independent of the population density of the rotifer.
To test these hypotheses we used the widely distributed and often abundant rotifer, Keratella cochlearis f. tecta, and several species of Daphnia covering a range of body sizes. We quantify the effects of daphnid size on Keratella mortality rate through interference and derive equations to allow prediction of the potential impact of such Daphnia-induced mortality on Keratella populations. We thank M. Bean for technical assistance, K. Kirk for help with computer pro-gramming, J. Hubbard for advice on graphics, and C. Folt, R. Stemberger, and two reviewers for comments on the manuscript.
Materials and methods
General procedures -Keratella cochiearis f. tecta was isolated by R. Stemberger from Star Lake, Norwich, Vermont, in spring 198 3, and a clone of females has since been maintained in the laboratory. Adult females have a mean lorica length of about 88 pm and usually lack a posterior spine. (Gilbert and Stemberger 198 5) . The cryptomonads were cultured separately in a modified MBL medium (Stemberger 198 l) , harvested by mild centrifugation, and resuspended in lake water. Cryptomonas was used as the algal food in all experiments. Experiments were carried out in 50-or 12%ml Erlenmeyer flasks containing 20-80 ml (generally 40 ml in 50-ml flasks) of Cryptomonas cells, suspended either in filtered Post Pond water to which 0.35-2.18 mg liter-' EDTA was added to prevent cell lysis or in the modified MBL medium diluted 1: 1 with double glassdistilled water. Rotifers (initially nonovigerous) and Daphnia were added to the experimental flasks; flasks with rotifers only served as controls. Unless otherwise stated, the rotifer concentration was 500 liter-', which is within the range of densities reported in nature for this species (e.g. Gannon and Stemberger 1978; Ferguson et al. 1982) . Daphnia concentrations varied from 15 liter-l (large adults) to 150 liter-l (neonates); these are also within the range of densities found in field populations (George and Edwards 1974; Threlkeld 1979) .
Experiments were carried out at 20°+ 1°C for 24 h with a 16 : 8 L/D cycle. There were three replicates of most treatments and controls. At the end of the experiment the daphnids in the experimental flasks were removed and measured (body length from base of tail spine to anterior margin of head). The numbers of living and dead rotifers and empty loricae in each flask were counted.
The effect of Daphnia on Keratella mortality was expressed as clearance rates by Daphnia (ml Daphnia-' h-l) and as rates at which Keratella were killed by Daphnia (Keratella killed per Daphnia h-l). Clearance rates were based on the changes in numbers of live rotifers in the control and experimental flasks and were determined from the equations of Frost (1972) . Keratella kill rates (Keratella killed per Daphnia h-l) were obtained by multiplying the clearance rate by the average Keratella concentration (exponential mean) in the experimental flask during an experiment.
We also used Frost's (1972) Efect of cladoceran body size-To test our first hypothesis that large cladocerans would be more likely to interfere with rotifers than small ones, we used different sizes of D. pulex in the same experiment at 15,600 Cryptomonas cells ml -I. The numbers of D. pulex added to each 40-ml culture decreased from six for the smallest instars to one for the largest. The rotifer density was 0.5 Keratella ml-'. This hypothesis was tested further in 20 experiments with D. pulex between 1.06-and 2.68-mm body length at initial Cryptomonas concentrations which Efect of algal clearance rate-To test the second hypothesis that interference would increase with increasing algal clearance rate we exposed large D. pulex (1.83-2.12 mm) to Keratella at concentrations of 20,900 and 6 1,800 Cryptomonas cells ml-l. The higher concentration is well above the ILC for adult D. pulex feeding on Cryptomonas (about 15,000 cells ml-l), and so algal clearance rates at this concentration should be lower than rates at 20,900 cells ml-l. This hypothesis was tested further in another experiment at Cryptomonas concentrations of 14,500 and 40,700 cells ml-l, near and above the ILC.
E&ct of rotifer density-To test the possible effect of rotifer density on interference we carried out experiments with adult D. pulex at Keratella densities of 125 and 1,000
liter-1 at algal concentrations near and above the incipient limiting level, and with adult D. galeata mendotae at Keratella densities of 125, 250, 500, and 1,000 liter-' at an algal concentration of 28,400 cells ml-'.
Results
Efect of cladoceran body size-The rates at which D. pulex killed Keratella increased more accurately the relation between body with increasing daphnid size, although they length and Keratella-based clearance rate.
were negligible for the smallest instars (Fig. For similar reasons, the relation between 1). The results show also that algal clearance body length and Keratella kill rates in D.
rates increased with increasing body length, pulex ( Fig. 2C ) is conservative and the confirming earlier studies (Rigler 197 1; Pe-regression for the combined species (Fig. 2D) ters 19 84).
probably bcttcr describes the relation.
The results for the five species of Daphnia, expressed as Keratella-based clearance rates and as Keratella kill rates, are plotted as functions of Daphnia body length in Fig.  2 . In some experiments all of the Keratella were killed in one or more of the replicate flasks, so that clearance rates and kill rates could not be determined accurately. We calculated average rates for the replicates by assuming that one rotifer remained in the "zero" flasks; however, these rates are underestimates and were not included in the data sets to determine the equations relating body length and interference. To obtain the lines of best fit to the data (smallest sumof-squared residuals), we fitted to the data linear regressions on logarithmically transformed and untransformed data and second-degree polynomial equations on untransformed data. Simple linear regressions on untransformed data best described the Keratella-based clearance rates for D. pulex alone and the Keratella kill rates both for D. pulex alone and for the combined species. Although the regression coefficient for Keratella-based clearance rates vs. body length for the combined species was higher when the data were transformed logarithmically (r2 = 0.771), the residuals were curvilinear when plotted against X. As the residuals of the untransformed linear regression conformed to linearity, the latter was considered a better fit to the data (Fig. 2B) .
Eflect of algal clearance rate -Algal clearance rates at 6 1,800 cells ml-' were significantly lower than those at 20,900 cells ml-l (Student's t-test, t = 2.910, df = 8, 0.02 > P > 0.01) (Fig. 3 ). Keratella kill rates were not significantly different between the two algal concentrations (Student's t-test, t = 1.610, df = 8, 0.2 > P > 0.1, NS). In the other experiment (Table 1) clearance rates were significantly higher at an initial Cryptomonas concentration of 14,500 cells ml-' than at 40,700 cells ml-' (Student's ttest, t = 3.653, df= 10, 0.01 > P > 0.001). All the rotifers were killed in the flasks containing the lower algal concentration, whereas seven live Keratella were recovered from the flasks containing 40,700 cells ml l (Wilcoxon two-sample test on rotifers remaining at the two algal concentrations, twotailed test, P = 0.05).
Clearance rates on Keratella increased more steeply with body length for the five species combined (Fig. 2B ) than for D. pulex alone ( Fig. 2A) (Table 2) . Furthermore, ingestion occurred when algal food was relatively abundant (23,600 cells ml-l) as well as when it was scarce (1,200 cells ml-l). As particles can pass through the gut of large Daphnia in less than 30 min (Peters 1984; Burns and Gilbert 1986) , the absence of loricae from the guts of the other experimental daphnids does not necessarily indicate that these animals did not ingest
Keratella during the 24-h experiments. E&ct of rotifer density-The results for D. pulex (Fig. 4) 1 .O 10, df = 3, P > 0.2; at 6 1,800 cells ml-I, t = 2.779, df = 3, P > 0.05).
The absence of an effect of KerateZZa density on the rate at which rotifers were killed by D. pulex is shown also by the results for D. galeata mendotae (Fig. 4) . Over a wide range of rotifer densities (125-1,000 individuals liter-l) there were no significant changes in KerateZZa mortality rate (one-way ANOVA, F = 0.59, df = 11, P > 0.25).
Discussion
We use the term interference rather than predation to describe the interaction be- Although the K. cochlearis used in this study was the tecta form, without a posterior spine, we believe that the more com- pulex and the typica form, rotifer mortality was high (Burns unpubl. data). In addition, some experiments with a mixture of the two forms with D. galeata mendotae showed no significant differences in mortality between forms (Gilbert unpubl. obs.). Our second hypothesis was that the susceptibility of a rotifer to interference by Daphnia would increase as the amount of algal food available to the cladoceran decreased. Our results are consistent with this hypothesis. When algae were near, or below, the ILC, KerateZZa was killed at a higher rate than when algae were above the ILC (Table  1) . Above the ILC, however, a threefold increase in algal concentration from 20,900 to 6 1,800 cells ml--' was not accompanied by lower rates of KerateZZa mortality, even though algal clearance rates decreased markedly (Fig. 3) . These results are readily explained in terms of daphnid clearance rates if it is assumed, first, that the ILC for Cryptomonas and KerateZZa differs, and second, that the densities of KerateZZa we used were always below the ILC for KerateZZa. McMahon and Rigler ( 1965) showed that the ILC for D. magna (2.8-3.3-mm body length) decreased as the size of the food cells increased, from 2 x 1 O6 bacteria ml-' on Escherichia coli (0.9 pm"), through 2 x lo5 cells ml-1 on Chlorella vulgaris (34 pm3), to lo3 cells ml-1 when the large ciliate Tetrahymena pyriformis (1.8 x 1 O4 pm3 cell-*) was used as food. These data support the first assumption that the ILC of the smaller item, Cryptomonas, exceeds that of the larger item, KerateZZa. galeata mendotae in the presence of four Keratella densities and 28,400 Cryptomonas cells ml-l.
formulae (Ruttner-Kolisko 1977) to be about 1.4 x 1 O4 pm3, was only 1 individual ml-I. This density is well below the ILC of lo3 individuals ml-1 for the similar-sized T. pyriformis. Although less compactible than the ciliate, KerateZZa was often crushed and rolled by Daphnia during feeding (Burns unpubl. obs.) so that it is unlikely that differences in compressibility between Tetrahymena and KerateZZa could cause a l,OOO-fold difference in ILC. Therefore, it is probable that the densities of Keratella used in this study were always below the ILC for Keratella.
Daphnia pumps more water through its branchial chambers than is implied by clearance rates based on the removal of algal cells. Above the ILC, the cladocerans pump more slowly but still collect more particles from the water than they ingest, and the excess particles pass out of the branchial chamber (McMahon and Rigler 1963; Scavia et al. 1984) . These particles disperse and are available again for collection. If the pumping rate remained relatively constant from 20,900 to 6 1,800 cells ml-I, KerateZZa could have been inhaled and killed at a relatively constant rate despite decreasing algal clearance rates. Below the algal ILC, rates of pumping and algal clearance are maximal so that KerateZZa inhalation and killing rates will also be highest. These arguments can explain the rclatively weak relation between algal clearance rates, many of which were above the ILC, and clearance rates based on the killing of KerateZZa in the same experiment (Fig. 5) .
The same arguments can explain the discrepancies in magnitude between clearance rates based on algae and those based on KerateZZa. When daphnid clearance rates for KerateZZa are equal to those for algae, y = X, as indicated by the heavy line in Fig. 5 . Only three points lay on or below this line and these all occurred in small Daphnia (D. ambigua, 1.25 mm; D. pulex, 1.28 mm; D. magna, 1.39 mm) with low competence to interfere with Keratella. Thus, all Daphnia > 1.4 mm showed considerably higher clearance rates for KerateZZa than for algae.
The equation relating the two clearance rates, y = 3.32x -0.10, where y is the rate for KerateZZa and x the rate for algae, shows that clearance rates for KerateZZa were about three times those for algae. However, the true pumping rates are even higher than the KerateZZa -based clearance rates because usually many of the KerateZZa entering a Daphnia's branchial chamber are not killed (Gilbert and Stemberger 1985; Burns and Gilbert 1986 ). Our third hypothesis was that the susceptibility of a rotifer to interference by Daph- nia would be independent of the density of the rotifer population. Our results also confirmed this hypothesis. At high food concentrations, interference was density-independent over an eightfold range of KerateZZa densities (125-l ,000 individuals liter-') (Fig. 4) . This implies that a daphnid's potential to kill inhaled rotifers is not affected by the number of rotifers it encounters per unit time. The KerateZZa densities (125-1,000 liter-*) arc well within the range of those in field populations (see earlier references) . It is likely also that interference will be independent of KerateZZa density over a much broader range of densities.
This study shows that the potential im- pact of interference will increase with daphnid size, but will be unaffected by Keratella density within the range of 125-1,000 Keratella liter-'. The potential effect of Daphnia in the size range of 1.5-3.0 mm, and at densities of 0. l-l 00 Daphnia liter-l, on a Keratella population can be calculated from Figure 7 shows that, just through interference, large Daphnia (3.0 mm) could arrest the growth of a Keratella population when present at a density of only 2.5 liter-' and that 1.5-mm animals could have the same effect when present at a density of 22 liter-l. These densities lie within the range of adult daphnids reported in the literature for eutrophic lakes and for aggregations and temporal patches (Ragotzkie and Bryson 1953; Colebrook 1960; Malone and McQueen 1983) . However, since we used a maximal Keratella birth rate in our calculations, even lower Daphnia densities could halt the growth of rotifer populations with lower birth rates. These results are consistent with evidence from field observations and experiments which suggests that cladocerans may suppress rotifer population growth (HrbaEek and Novotna-Dvo?akova 1965; Hall et al. 1970; Comita 1972; Daborn et al. 1978; Lynch 1979; Neil1 1984 Porter et al. 1979) . Our study shows that rotifers may also form a part of the diet of large Daphnia (> 1.5 mm) belonging to several species (this paper; Burns and Gilbert 1986) Ferguson et al. (1982) found Keratella cochlearis loricae in the gut contents of Daphnia hyalina in enclosures in a lake, but suggested that the loricae were largely detrital, derived possibly from the sediments. Gilbert and Stemberger (1985) reported that Keratella was ingested by small D. galeata mendotae (0.6-l.O-mm body length) exposed to a rotifer density of 13,500 individuals liter-l and attributed this response to the very high density of rotifers used. We find that Keratella at a density of 500 individuals liter-' may be ingested by Daphnia even in the presence of abundant, palatable algae. Incidental carnivory on small rotifers like Keratella by large-bodied Daphnia in nature may be more common than has hitherto been suspected and does not require that rotifer densities be high. As
Keratella ingests algae and bacteria in nature (Bogdan and Gilbert 1984) , its ingestion by Daphnia suggests another pathway by which energy may be transferred within planktonic food chains. Thus, under certain conditions, rotifers may assume a role similar to that of some ciliates (Porter et al. 1979) . The possible nutritional benefits to Daphnia of ingesting Keratella are not known. Any benefits related to the large size of the "food package" represented by a Keratella or to the presence, for example, of a particular nutrient would need to be balanced against the fact that only the soft tissues and not the lorica are digested. Under conditions when Keratella is collected, but rejected (Gilbert and Stemberger 1985; Burns and Gilbert 1986) , the daphnid's normal feeding processes are interrupted and food which has been collected, but not ingested, is lost during the rejection process.
These experiments have shown that Keratella mortality can occur through interference by several species of Daphnia, over a wide range of Keratella densities and daphnid body lengths, and when food levels are limiting or not limiting (above and below an incipient limiting level). We have used these results to predict Keratella mortality rates under different conditions of daphnid size and density. The next step is to test these predictions in laboratory microcosms and in the field. However, we feel 
